Upon illumination of dark-grown maize -seedlns (5 days old) with incandescent lght, there occurred a nearly simultaneous increase, after a certain lag period, in the activities of enzymes engaged in the C4 pathway and the Calvin-Benson cycle. The light-induced biosynthesis of chlorophyll (a and b) precedes the increase in enzyme activities and proceeds without lag phase. A diphasic feature in the elevation of enzyme activities as a function of the intensities of light provided was observed; the increase in enzyme activities was enhanced by light intensities greater than 103 ergs per square centimeter per second in comparison with light of lower intensities. Under light intensities greater than 103 ergs per square centimeter per second, the simultaneous addition of levulinic acid, which inhibited chlorophyl formation, markedly reduced the increase of enzyme activities. However, neither the diphasic light effect nor the inhibitory effect of levulinic acid was observed with ribulose-1,5-bisphosphate carboxylase. The enzyme activities in the dark-grown maize seedlings were enhanced by a brief irradiation with the red Ught and the red light effect was reversed by the following far red light treatment. The red light-induced increase in the enzyme activities did not accompany chlorophyll synthesis, and was completely inhibited by cycloheximide, indicating that enzyme synthesis rather than activation might be involved. Light may play a dual role in enzyme induction; one is as an energy source through the photosystems at high intensities and the other is presumably as a signal mediated by phytochrome at low intensities.
The effect of light on the developmental formation of the photosynthetic apparatus is one of the central themes of current plant biology (1). Biochemical studies on the mechanism of the greening process of plants include: (a) light-induced biosynthesis of Chi and the regulatory role of light therein (16, 27) ; (b) effect of light on the developmental formation of pS2 (3); (c) lightinducible formation of enzymes involved in photosynthetic CO2 fixation (7, 10, 13, 21, 25) , among which the biosynthesis of RuBP carboxylase (EC 4.1.1.39) (32) has received greatest attention; and (d) involvement of phytochrome in the greening processes (8-10, 24, 26, 28, 31) . As phenomenon and the energy supply from PS in greening plants.
In greening seedlings of maize plants (Zea mays) it is of particular interest to know if light affects the simultaneous formation of the functionally distinct enzymic machineries which are compartmentalized in the two different cell types (Kranz structure) during development. In the work reported here, we have attempted to examine the developmental pattern of certain photosynthetic enzyme activities in greening tissues, in particular relation to the degree of interdependence between enzyme induction and development of PS.
MATERIALS AND METHODS Plant Material. Maize seeds (Zea mays cv. Koh-6) were imbibed in running tap water for 24 h in the dark and subsequently incubated for 24 h in a nutrient solution as described by Sugiyama et aL (33) . They were then sown in pots of sand uniformly moistened with nutrient and grown for 5 days at 25 C in the dark. For analytical experiments, the foliage leaves (5 cm) of seedlings were ground to prepare extracts for enzyme assays and Chl analysis (see below). For the purpose of examining the effect of inhibitors, 5-day-old seedlings detached from roots were placed in a flask containing nutrient solution and were illuminated in the presence of the inhibitors.
Light Treatment. In most of the experiments (except for that of Fig. 7 ), an incandescent light (Toki Cool-beam lamp, CRF-110 v, 150 w) was used as light source. In order to maintain the environmental temperature at 25 C, the light was provided from 20 cm above through a 5-cm layer of running water. In the experiment shown in Figure 7 , R (590-680 nm) was provided by fluorescent lamps through a 3-mm-thick red acrylic resin plate (Torayglas No. 130, Toray Co., Tokyo). FR (>710 nm) was supplied by an incandescent lamp through a 3-mm-thick black Plexiglas plate (Rohm and Haas, V-58015). The following four kinds of treatments with R (800 erg cm-2 s-1) and FR (4 x 103 erg cm-2 s-1)
were carried out at 12-h intervals: R (5 min), FR (5 min), R (5 min) -* FR (5 min), and R (5 min) --FR (5 min) --R (5 min).
Photosynthetic CO2 Fixation. Photosynthetic fixation of "CO2
by the foliage leaves of maize seedlings was determined using an apparatus (capable of containing 65 ml of gas) similar to the one described by Biggins et al. (4 ,ug of Polyclar AT and 0.5 g of fine sea sand. The whole homogenate was then centrifuged at 25,000g for 5 min, and the supernatant obtained was applied to a small column (2 x 15 cm) of Sephadex G-25, preequilibrated with 25 mm Tris-HCl (pH 7.0 or 8.0 at 25 C), 0.1 mIpm EDTA, and 1 mm DTT. The eluate was used for enzyme assays.
The following enzyme activities were determined spectrophotometrically (340 nm) at 25 C. PEP carboxylase (EC 4.1.1.31) was assayed according to the method of Uedan et aL (34) . NADPmalate dehydrogenase (EC 1.1.1.82) was assayed after activation of the enzyme preparation by incubating with 10 mm DTT for 3 h (14) . The reaction mixture contained in a total volume of 0.5 ml: 0.2 M Tris-HCl (pH 8.8), 1 mm EDTA, 0.2 mm NADPH, and 0.5 mm oxaloacetate. The reaction mixture for NADP-malic enzyme (EC 1.1.1.40) contained: 0.1 M Tris-HCl (pH 8.0), 1 mM EDTA, 5 mm DTT, 0.2 mm NADP+, 10 mM L-malate, and 10 mm MgCl2, and the Mg2+-dependent formation of NADPH was determined (15) . Assays for NADP-G3P dehydrogenase (EC 1.2.1.13) and FBPase (EC 3.1.3.11) were carried out after slight modifications of the methods described by Wolosiuk et al. (36) and Buchanan et al. (5) , respectively. The reaction mixture for the NADP-G3P dehydrogenase contained in a total volume of 0.5 ml: 0.2 M Tris-HCl (pH 8.5), 1 mm EDTA, 5 mm DTT, 0.2 mm NADP+, 20 mm Na2HAsO4, 20 mm NaF, and 1 mM D-G3P. The FBPase enzyme mixture contained in a total volume of 0.5 ml: 0.2 M Tris-HCl (pH 8.8), 10 mm DTT, 1 mm EDTA, 10 mM MgCl2, 0.2 mM NADP+, 0.16 unit/ml of glucose-6-P isomerase, 0.3 unit/ ml of glucose-6-P dehydrogenase, and 1 mm FBP.
The following enzyme activities were determined by the radioisotopic method in a total of 0. 10 mt NaF, 5 mi K2HPO4, 10 mm NaH14CO3 (0.2 mCi/mmol), 5 mM Ru5P, 2 units/ml of spinach leaf RuBP carboxylase (19) , and 10 mM ATP.
All enzyme activities were determined using aliquots of the crude enzyme preparation at concentration ranges where the enzyme activities measured were proportional to the volume of the preparations.
Activity Measurements of PS. The foliage leaves of maize seedlings (5 g ) were chilled at 4 C prior to isolation of chloroplasts (plastids). The leaves were chopped with a single razor blade into a flat bottomed plastic dish containing 50 mm Hepes-NaOH (pH 7.4), 0.33 M sorbitol, 10 mm KCI, 1 mM MgCl2, 1 mM EDTA, 0.5% BSA, and 10 mm Na-ascorbate, and passed through two layers of Miracloth. The filtrate was centrifuged at 1,000g for 10 min, the resulting pellet was suspended with the medium not containing Na-ascorbate and centrifuged at 1,000g for 10 min. The pellet was resuspended in 1 ml of the medium without Na-ascorbate. These procedures were performed in a cold room maintained at 4 C. PSI activity was measured by determining the rate of 02 uptake resulting from the photoreduction of MV, using a Rank Bros 02 electrode. The reaction mixture contained: 50 mm Hepes-NaOH (pH 7.8), 0.33 M sorbitol, 0.5 mm Na-ascorbate, 50 /AM DCPIP, 10 ,aM DCMU, 1 ZlM FCCP, 0.1 mm MV, 1 mm NaN3, and chloroplast (plastid) preparation (about 50 ug Chl). The activity of Hill reaction was measured by determining the rate of 02 evolution derived from oxidation of H20 in the presence of K-ferricyanide as electron acceptor. The reaction mixture consisted of 50 mm Hepes-NaOH (pH 7.8), 0.33 M sorbitol, 1 ,LM FCCP, 1 UM Kferricyanide, and chloroplast (plastid) preparation (about 50 ,ug Chl).
Chi and Protein Determinations. The foliage leaves of the lightexposed seedlings (0.5 g) used for the enzyme extraction were thoroughly ground for 2 m in i a mortar using 1.5 ml of 80% acetone and 0.25 g of fine sea sand. The homogenate was centrifuged at 2,000g for 5 min and the Chl content was determined according to the method of Arnon (2). Protein content was analyzed according to the method of Lowry et al. (22) .
RESULTS

Patterns of Increase in Chi and in the Activities of Enzymes
Involved in Photosynthetic Carbon Assimilation during the Greening Process. Upon illumination of maize seedlings, both Chl a and b increased steadily, reaching maximum at about 24-h illumination, at both the low and high intensities of light used (Fig.  1) . In each case lag period was barely observed. The protein content increased only slightly during greening. The activity of PSI, as measured by 02 uptake per mg Chl and g fresh weight basis, also increased rapidly upon illumination (Fig. 2) , no appreciable lag period existing in the onset of activity. There was a slow increase in the light-dependent CO2 fixation in the first hours of greening which increased further after 36 h of illumination.
We then measured the activities of several enzymes involved in photosynthetic carbon assimilation during illumination at two light intensities (3 x 104 and 1.5 x 105 ergs cm-2 s-1). The results are shown in Figure 3 . In general, there was a definite delay in the increase of activities with all of the enzymes tested, but the light intensity barely affected the length of the lag period. However, the maximal enzyme levels attained were clearly lower under illumination at the lower light intensity. Although each individual enzyme had its characteristic developmental pattern, they had quite similar lengths of lag period. The pattern of activity of FBPase showed a gradual steady increase up to 48-h illumination, (Fig. 4) . Treating seedlings wth LA, a competitive inhibitor of Chl synthesis (20) , caused a marked (40%o) suppression of Chl formation.
The levels of induced enzymes achieved at different light intensities exhibited different patterns (Fig. 5) and an inflection point in the increase in activity was not observed.
The activities of PSI and the Hill reaction were also measured at a range of light intensities, using chloroplasts prepared from 24-h-illuminated maize leaves (Fig. 6 ). The activities were totally undetectable under illumination at light intensities less than 103 ergs cm-2 s-1, but increased exponentially by irradiation above that intensity. It can thus be seen that the over-all picture is basically analogous to enzyme development under comparable illumination condition (>103 ergs cm-2 S-1).
Effect of R and FR on the Elevation of Enzyme Activities. To examine the possible involvement of phytochrome in enzyme development under illumination of low light intensity, 5-day-old dark-grown maize seedlings were treated with R and FR for short periods (Fig. 7) .
All of the enzyme activities tested were elevated appreciably by the R treatment, whereas either FR or R --FR treatment caused a lowering of the enzyme activities to the level of dark controls. The R --FR -. R treatment reversibly restored the enzyme activities to the original level attained by the R treatment. The over-all results indicate that enzyme formation is presumably mediated by the action of phytochrome. The light intensity of R given in the experiments shown in Figure 7 was 800 ergs cm-2S-2, which is nearly equivalent to that attributable to the R portion of the incandescent light (2 x 103 ergs cm-2 s-) used in the experiment of Figure 5 . The content of Chl induced by the R irradiation shown in Figure 7 is approximately 1/100 that at its maximal level. Therefore, it is quite likely that the effect of the R treatment is independent of PS. Furthermore, it was found that the enzyme formation induced by the R treatment is completely inhibited by the simultaneous addition of cycloheximide (data not shown).
DISCUSSION
The elevation pattern of activities of different enzymes observed in the present investigation needs specific attention. First, the Figure 4 . After 24-h illumination, seedlings were immediately homogenized with Tris buffer (pH 7.0 or 8.0), followed by passage through a column of Sephadex (pH 7.0 or 8.0). Enzyme assays as described in the text were performed on eluates. dimorphic leaf structure (mesophyll and bundle sheath cells) and the compartmentalized localization of photosynthetic enzymes in these two different cell structures constitute the unique feature of C4 plants and their photosynthetic mechanism. In spite of the fact that the structural differentiation of both mesophyll and bundle sheath cell is already complete in dark-grown maize seedlings (17, 23) , our experiments tend to indicate that upon illumination the light-induced developmental increase in activities of enzymes involved in both C4 pathway and the Calvin-Benson cycle occurs in nearly a parallel fashion. Second, from the results of Figure 3 , one might speculate that the developmental formation of FBPase may limit the organizational assembly of the over-all photosynthetic machinery in greening maize plants. There is now ample experimental evidence showing that FBPase is the rate-limiting enzyme in the Calvin-Benson cycle (30 the picture in vivo, we reserve our conclusions.
Although the nature of the utilization of light energy in enzyme increases appears quite complex, it is likely that there exists a mechanism for utilizing energy supplied from PS for this event from the following facts: (a) at high light intensities (>103 ergs cm-2 s-'), there was a parallel increase in the activity of PSI (Fig.   6 ) and the activities of several photosynthetic enzymes (Fig. 5) ; (b) LA exhibited a strong inhibitory effect on these processes; and (c) the primary formation of PSI (accompanying the biosynthesis of Chl) preceded the rise in activity of enzymes needed for an efficient carbon assimilation process. In spite of the lowered level of Chl formation under illumination at the extremely high intensity (>105 ergs cm-2 s-'), the activity of PSI increased (Figs. 4 and   6 ). Therefore, it is likely that the energy derived from PS is barely affected under such conditions of illumination.
The pioneering work by Marcus (24) demonstrated phytochrome-mediated NADP-G3P dehydrogenase formation in red kidney been leaf tissues, and subsequently Mego and Jagendorf (28) reported that the chloroplast development in Black Valentine been seedlings is possibly mediated by reversible pigment system (phytochrome). Our present experimental results confirm these previous findings and extend a view that the light has a subsidiary effect on the enzyme induction phenomenon, acting as a signal, presumably mediated by phytochrome. The following findings are considered to support this presumption: (a) elevation of the enzyme activities is observed in illuminated maize seedlings at the low light intensity, less than 103 ergs cm-2 s-1, under which PS does not operate effectively (Figs. 5 and 6); (b) 5-min R irradiation of the maize seedlings, barely causing the formation of Chl, induces a prominent elevation of the enzyme activities (Fig. 7) ; (c) the effects elicited by R treatment were reversed by FR irradiation; and (d) the magnitude of the elevation of enzyme activities caused by illumination (<103 ergs cMi2 s-') was found to be proportional to the light intensities on a logarithmic scale (Fig. 5) (cf. 18) shown that the developmental formation of PS is concomitantly affected by such agents (6, 35) . It is not clear whether the inhibitory effect exerted is a direct or an indirect one, resulting from the lowered energy supply due to the inhibition of PS formation. However, it appears quite clear from the present experiments that the R irradiation provokes enzyme induction independent of the PS accompanying Chl synthesis, and that this experimental system may provide a better chance of elucidating the initiation mechanism for enzyme formation in direct relationship to light.
